Introduction {#sec1-2045893217741429}
============

Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by progressive increases in pulmonary vascular resistance (PVR), right heart failure, and death.^[@bibr1-2045893217741429],[@bibr2-2045893217741429]^ A chronic shift in energy production from mitochondrial oxidative phosphorylation to glycolysis, known as the Warburg effect, has been shown to drive the pro-proliferative phenotype of the pulmonary arteries smooth muscle cells (PASMC) leading to the severe narrowing of distal lung arteries.^[@bibr3-2045893217741429],[@bibr4-2045893217741429]^ In addition, deregulated angiogenic signaling cascades have been reported in PAH, although their precise role in the development and progression of PAH remains elusive. Indeed, enhanced endothelial cell and myofibroblast proliferation have been initially interpreted to reflect an underlying process of dysregulated angiogenesis in PAH,^[@bibr5-2045893217741429]^ contributing to the obliterative arteriolar and multi-channeled "plexiform" lesions. In contrast, administration of Sugen, an anti-angiogenic inhibitor of vascular endothelial growth-factor receptor (VEGF), triggers severe pulmonary vascular remodeling and pulmonary hypertension (PH) in rodents.^[@bibr6-2045893217741429]^ Consistently, impaired angiogenesis and capillary rarefaction have been proposed to contribute to elevated vascular resistances and stimulation of angiogenic response has been shown to correct this elevation.^[@bibr7-2045893217741429]^ As such, initial loss of endothelial cells^[@bibr8-2045893217741429]^ coupled with the reactive proliferation of the remaining vascular cells are believed to contribute to arteriolar obliteration, loss of effective lung microvascular area, and PAH progression.

More recently, similar metabolic/angiogeneic dysregulation was documented within the right ventricle (RV)^[@bibr9-2045893217741429]^ and skeletal muscles^[@bibr10-2045893217741429]^ of human and experimental PAH, fueling the metabolic theory of PAH.^[@bibr3-2045893217741429]^ Capillary rarefaction was also described within the RV^[@bibr11-2045893217741429]^ and skeletal muscles,^[@bibr12-2045893217741429]^ contributing to RV decompensation and exercise intolerance, respectively. This is not surprising as vascular branching signals are coupled with mitochondrial biogenesis.^[@bibr13-2045893217741429]^ However, these observations raised questions on whether the pulmonary and systemic metabolic and angiogenic defects could be mechanistically connected.^[@bibr3-2045893217741429],[@bibr14-2045893217741429]^

Interestingly, in addition to altered levels of circulating metabolic and angiogenic modulatory factors,^[@bibr15-2045893217741429],[@bibr16-2045893217741429]^ PAH patients are characterized by markedly elevated levels of ET-1,^[@bibr17-2045893217741429]^ one of the three major pathways targeted by currently approved PAH therapies.^[@bibr18-2045893217741429]^ ET-1 receptor antagonists have been shown to improve exercise capacity and delay clinical worsening in human PAH.^[@bibr18-2045893217741429],[@bibr19-2045893217741429]^ Although most studies have focused on the effects of ET-1 on vascular smooth muscle cells, ET-1 was recently shown to influence angiogenesis,^[@bibr20-2045893217741429][@bibr21-2045893217741429][@bibr22-2045893217741429]--[@bibr23-2045893217741429]^ while blockade of ET~A~/ET~B~ receptors improved post-ischemic angiogenesis in vivo.^[@bibr23-2045893217741429]^ We hypothesized that dual ET~A~/ET~B~ receptors blockade reverses the Warburg effect in PAH-PASMC and promotes angiogenesis in lungs, RV, and skeletal muscles, thus contributing to the clinical improvements observed in human PAH.

Methods {#sec2-2045893217741429}
=======

All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and all experiments were performed in accordance with Laval University and Institut Universitaire de Cardiologie et de Pneumologie de Québec biosafety and human (CER-20773) and animal (CPAUL 2014176-1) ethics. Experiments and analyses were performed blinded, as previously recommended.^[@bibr24-2045893217741429]^

Animal model and intervention {#sec3-2045893217741429}
-----------------------------

Male Sprague-Dawley rats (250--300 g; strain 400; Charles River) were selected for PAH induction using Sugen (SU5416, 20 mg/kg; intraperitoneal \[i.p.\] injection) at day 0. Rats were placed for three weeks in hypoxia condition (10% oxygen) and then housed under normoxic conditions for two weeks before established PH was confirmed echocardiographically (Philips HD11 XE imaging system/S3-1 probe).^[@bibr25-2045893217741429],[@bibr26-2045893217741429]^ After PH establishment (five weeks after injection), animals were treated with macitentan (30 mg/kg/day, supplied by Actelion Pharmaceuticals Ltd.) or its vehicle (gelatin 7.5%) during two weeks (total study duration of seven weeks), as previously described.^[@bibr27-2045893217741429]^ These rats were compared to rats exposed to Sugen/hypoxia for three weeks and observed for two additional weeks, as well as healthy rats maintained in normoxia for seven weeks.

*Right heart catheterization:* Before sacrifice, invasive closed-chest right heart catheterization (RHC) (Scisense ADV500 Pressure-Volume Measurement System; analyzed with labscibe2 software; Work System, Inc.) was performed under 3% Isoflurane (Abbvie 173803, Saint-Laurent, QC, Canada) anesthesia. Mean pulmonary artery (PA) pressure, RV systolic pressure, RV cardiac output, stroke volume, and total pulmonary resistance (or TPR) were assessed, as previously described.^[@bibr11-2045893217741429],[@bibr12-2045893217741429],[@bibr25-2045893217741429],[@bibr28-2045893217741429]^

*Lectin perfusion assay:* Fluorescein-conjugated lectin (Vector laboratories FL-1081, Burlingame, CA, USA) that binds uniformly to the luminal surface of endothelial cells was injected in half of all animals after RHC and before sacrifice, as previously described.^[@bibr12-2045893217741429]^ Briefly, an i.p. injection with heparin (3 mL, 80 U) was done and, 5 min later, lectin was injected through the jugular vein (5 mg/mL -- 0.25 mg per rat). The animals were sacrificed after 20 min, allowing lectin to circulate through the whole body. The RV, lungs, and quadriceps were retrieved and processed for optimal cutting temperature freezing. Cryosections (5--10 µm) were done and mounted on slides with a mounted media nuclei counterstain (Dapi) (EMS 17984-24). Images were acquired using a Carl Zeiss Micro Imaging microscopy workstation. For the RV, ImageJ automatically quantified signal intensity. For quadriceps, the number of lectin-positive cells under the total number of cells was manually calculated in ten different fields per specimen at 20X magnification. For the lung, the number of lectin positive vessels manually calculated in ten different fields per specimen at 20X magnification.

*Angiogram:* In the other half of the animals, the vasculature was filled through the jugular vein with the radiopaque silicone rubber Microfil (Flow Tech, MV-112, Carver, MA, USA) to form a vascular cast for further CT-scan analyses using micro-CT (eXplore CT-120 scanner; Gamma Medica Inc., Northridge, CA, USA). Three-dimensional reconstruction of the organs was performed using the OsiriX software. Vascular perfusion and the total volume of the organ of interest were measured using the Microview software. Percentage of perfusion was calculated by dividing the vasculature signal volume (Microfil) on the total organ volume.

*Histological analyses, confocal microscopy and immunofluorescence:* Following sacrifice, vascular remodeling was assessed in lung sections stained with hematoxylin and eosin (H&E) according to standard histological procedures.^[@bibr11-2045893217741429],[@bibr12-2045893217741429],[@bibr25-2045893217741429],[@bibr28-2045893217741429],[@bibr29-2045893217741429]^ PA wall thickness was calculated by the percentage of the PA wall area on total artery area. A minimum of five arteries/animal were measured. Pulmonary arterial muscularization was assessed on H&E-stained sections. Briefly, 30--50 vessels of \<100 µm diameter were counted in each lung section. Arteries in which the lumen was partially (50%) or fully obstructed were defined as a muscularized artery. The proportion of muscularized arteries was expressed as a percentage of total arteries counted. CD31 immunofluorescence was performed on 4 -µm paraffin-embedded tissues. Briefly, the vascular network was revealed with a rabbit polyclonal antibody against CD31/PECAM (1:100; Abcam, AB28364, Cambridge, MA, USA) in the lungs, RV, and quadriceps.^[@bibr11-2045893217741429],[@bibr12-2045893217741429]^ Antigen retrieval was performed by microwaving samples in 0.01 M citrate buffer at pH 6.0. Secondary antibody was conjugated to Alexafluor 594 nm (Goat anti-rabbit IgG, Life Technologies, A110037, Burlington, ON, Canada) and nuclei were visualized by DAPI staining. Negative controls were also performed with each immunostaining experiment. Images were acquired using a Carl Zeiss MicroImaging microscopy workstation. For the RV, ImageJ software automatically quantified signal intensity as the percentage of positive pixels in five fields per specimen at 40× magnification. For quadriceps, the number of CD31 positive cells under the total number of cells was manually calculated in ten different fields per specimen at 40× magnification. For the lungs, the number of CD31 positive vessels was manually calculated in ten different fields per specimen at 40× magnification.

Human cell experiments {#sec4-2045893217741429}
----------------------

*Cell isolation and culture:* Human PAH--PASMCs and PAH--PAECs were isolated from PAH patients by enzymatic digestion from distal PA (\<1000 µm) at the time of lung transplant. PAH--PASMCs were isolated from one idiopathic and two heritable PAH patients (M52, F32, and M39, respectively) while PAH--PAECs were isolated from three heritable PAH patients (F26, F32, and F35). All patients had RHC that confirmed PAH and gave informed consent. PAECs were isolated using DYNABEADS CD31 positive selection (Invitrogen 11155D, Carlsbad, CA, USA) following the manufacturer's recommendations. CD31^+^ cells were subsequently grown in EBM-2 media (Lonza, CC-3156, Switzerland) according to the recommendations of the supplier (Endothelial Cells Growth Media Kits, CC-3162) and incubated at 37℃, 5% CO~2~ atmosphere. PASMCs were grown in human smooth muscle cells media (\#310-470, Cell applications San Diego, CA, USA) supplemented according to the manufacturer (Smooth Muscle Cells Growth Media Kits, \#311-GS). Control PASMC and PAEC lines were purchased from Cell Applications (San Diego, CA, USA). PASMC and PAEC phenotypes were confirmed using α-smooth muscle actin staining and CD31 labeling, respectively, and were used from third to sixth passage.^[@bibr11-2045893217741429],[@bibr12-2045893217741429],[@bibr25-2045893217741429],[@bibr30-2045893217741429]^ PAH--PAECs and PAH--PASMCs were then treated with vehicle (DMSO or water), dual ET~A~/ET~B~ (macitentan 10^--8 ^M, 10^--7 ^M, and 10^--6 ^M diluted in DMSO), ET~A~ (BQ-123 10^--8 ^M, 10^--7 ^M, and 10^--6 ^M diluted in water) or ET~B~ (BQ-788 10^--8 ^M, 10^--7 ^M, and 10^--6 ^M diluted in DMSO) receptor antagonists during 48 h at 37℃, 5% CO~2~ atmosphere. Conversely, control PAEC and PASMC were exposed to ET-1 (10^--9 ^M, 10^--8 ^M, and 10^--7 ^M diluted in water) or its vehicle (water).

*Tube formation assay:* Matrigel assays were performed in 24-well plates previously coated with 50 µL/cm^2^ of Corning Matrigel Basement Membrane Matrix (Corning \#354234; 9 mg/mL, Tewksbury, MA, USA). Cells were seed (40,000 cells/well, passage 2--5) and let adhered for 4--6 h. Four pictures/well were taken using the Cell Imaging System EVOS and automatic quantification of tubing formation was performed with the Image J Angiogenesis Analyzer. Briefly, the sum of nodes and isolated segments were calculated in order to quantify the capacity of PAECs for tube formation.

*Proliferation and apoptosis measurements:* Cultured control and PAH--PAEC cells were exposed to EBM-2 media + growth factors supplementation for 48 h, or EBM-2 media without supplementation (serum and growth factor starvation for 48 h) to assess the in vitro effect of ET receptor antagonists on human PAECs' proliferation and apoptosis, respectively. Proliferation was measured using Ki67 immunostaning (Sigma-Aldrich, AB9260, St. Louis, MO, USA) and apoptosis by AnnexinV assay (Roche, 12156792910, Indianapolis, IN, USA). Two independent sets of experiments were performed in each cell lines. In each experiment, a minimum of 150 cells were evaluated. Cultured control and PAH--PASMC cells were cultivated in supplemented cell application smooth muscle media for 48 h, or media without supplementation (serum and growth factor starvation for 48 h) to assess the in vitro effect of ET receptor antagonists on human PASMC's proliferation and apoptosis, respectively. Proliferation and apoptosis were measured and analyzed as for PAEC cells lines

*Analysis of mitochondrial bioenergetics:* Real-time measurements of oxygen consumption rate (OCR) were performed using Seahorse XFe24 extracellular flux analyzer (Seahorse Biosciences, North Billerica, MA, USA), as previously described.^[@bibr30-2045893217741429]^ The spare respiratory capacity (SRC) was calculated as the difference between basal OCR and that obtained in the presence of carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP). To obtain the maximal respiration for each cell types, 1 µm and 5 µm of FCCP were injected for PAEC and PASMC, respectively.^[@bibr30-2045893217741429],[@bibr31-2045893217741429]^ All experiments were performed in triplicate.

Statistical analysis {#sec5-2045893217741429}
--------------------

Statistical analyses were performed by the biostatistician of the CRIUCPQ. Values were expressed as mean ± SEM, as they followed a normal distribution. Unpaired Student's t-tests were used for comparisons between two groups and one-way ANOVA followed by a Holm-Sidak's multiple comparisons test was used for more than two groups. *P* values \< 0.0001 (\*\*\*\*), 0.001 (\*\*\*), 0.01 (\*\*), and 0.05 (\*) were considered statistically significant. Statistical analyses were performed using Prism 6 (GraphPad Software Inc.).

Results {#sec6-2045893217741429}
=======

Macitentan treatment improves hemodynamics in the Sugen-hypoxia rat model of PAH {#sec7-2045893217741429}
--------------------------------------------------------------------------------

Daily treatment with macitentan was associated with significant improvements in pulmonary hemodynamics, including PA and systolic RV pressures as well as total pulmonary resistance (or TPR) measured by closed chest RHC ([Fig. 1](#fig1-2045893217741429){ref-type="fig"}). Dual ET~A~/ET~B~ blockade also improved cardiac output, RV hypertrophy, and function, as evaluated respectively by catheterization ([Fig. 1](#fig1-2045893217741429){ref-type="fig"}), the Fulton index ([Fig. 1](#fig1-2045893217741429){ref-type="fig"}), and echocardiography ([Fig. 2](#fig2-2045893217741429){ref-type="fig"}). Macitentan-treated rats also exhibited less remodeling of distal PA ([Fig. 3](#fig3-2045893217741429){ref-type="fig"}), which likely explains the significant decrease in total total pulmonary resistance (or TPR). Fig. 1.Dual ET~A~/ET~B~ receptor blockade improves hemodynamic parameters in the Sugen/hypoxia rat model of PAH. Macitentan treatment significantly decreased mean pulmonary arterial pressure (PAP), right ventricle systolic pressure (RVSP), and total pulmonary resistance (TPR) while it increased cardiac output (CO) and stroke volume (SV). Groups: Normoxia (n = 7--8), PAH 5 weeks (before treatment) (n = 7--10), PAH 5 weeks + vehicle 2 weeks (n = 17), and PAH 5 weeks + maci (macitentan) 2 weeks (n = 20). RV hypertrophy, as assessed by the Fulton Index (RV/left ventricle and septum \[LV + S\]), was decreased in PAH macitentan-treated rats. Groups: Normoxia (n = 5), PAH 5 weeks (before treatment) (n = 5), PAH 5 weeks + vehicle 2 weeks (n = 10) and PAH 5 weeks + maci (macitentan) 2 weeks (n = 10). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Fig. 2.Measurements of PAH progression by non-invasive two-dimensional Doppler echocardiography dual ET~A~/ET~B~ receptor blockade. Dual ET~A~/ET~B~ receptor antagonist (macitentan) in Sugen/hypoxia rat significantly improved cardiac function at the end of the protocol, as assessed by the pulmonary artery acceleration time (PAAT), RV S wave, tricuspid annular plane systolic excursion (TAPSE), RV wall thickness, SV, and CO. Groups: Normoxia (n = 5), PAH 5 weeks (before treatment, n = 5), PAH 5 weeks + vehicle 2 weeks (n = 10) and PAH 5 weeks + macitentan 2 weeks (n = 10). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Fig. 3.Dual ET~A~/ET~B~ receptor blockade decreases distal pulmonary vascular remodeling in Sugen/hypoxia rat model of PAH. The observed improvements in pulmonary hemodynamics following macitentan treatment were associated with decreased vascular remodeling. Pulmonary arterial wall thickness was measured by H&E staining and calculated by the percentage of the PA wall area on total artery area. A minimum of five arteries/animal were measured. Pulmonary arterial muscularization was also assessed on (H&E) stained sections. The proportion of muscularized arteries was expressed as a percentage of total arteries counted. Groups: Normoxia (n = 5), PAH 5 weeks (before treatment) (n = 5), PAH 5 weeks + vehicle 2 weeks (n = 10), and PAH 5 weeks + maci (macitentan) 2 weeks (n = 10). Scale bar: 10 µm. \*\*\*\**P* \< 0.0001.

Macitentan prevents the Warburg effect and the pro-proliferative phenotype of PAH--PASMCs {#sec8-2045893217741429}
-----------------------------------------------------------------------------------------

The proliferation rate of PAH--PASMCs was significantly reduced after dual ET~A~/ET~B~ or selective ET~B~ (BQ788) receptor antagonism at maximal dose (10^--6 ^M) ([Fig. 4](#fig4-2045893217741429){ref-type="fig"}). Conversely, ET~A~ receptor blockade (BQ123) had no effects on PAH--PASMC proliferation. In addition, no effects on the apoptosis rate were observed after ET receptors blockade. Fig. 4.Dual ET~A~/ET~B~ and selective ET~B~ receptor antagonism decreases proliferation in isolated PASMCs of patients with PAH. Treatments with dual ET~A~/ET~B~ receptor antagonist (macitentan) or selective ET~B~ receptor antagonist (BQ788) at maximal dose (10^--6 ^M) reduced the proliferation of PAH--PASMCs when compared to vehicle-treated cells. KI67 immunofluorescence (in red) and DAPI (in blue) was performed to quantify proliferation. Note that we observed no statistical changed in proliferation after selective ET~A~ receptor antagonist (BQ123) treatment in PAH--PASMCs. While apoptosis rate (AnnexinV in green) was decreased in PAH--PASMCs compared to control PASMCs, no significant changes in apoptosis rate were observed after treatment with dual or selective ET-1 receptor antagonists. Two independent sets of experiments were performed in each cell lines. In each experiment, a minimum of 150 cells were evaluated (n = 3 cell lines/treatment, passage 4--6). Scale bar: 50 µm. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

To explore the mechanism by which ET receptors blockade can affect proliferation rate of PAH--PASMCs, we assessed the influence of ET-1 on PASMC mitochondrial bioenergetics. We observed that ET-1 dose-dependently reduced basal and maximal respiration in control PASMCs ([Fig. 5](#fig5-2045893217741429){ref-type="fig"}), resulting in reduced SRC and OCR/extracellular acidification rate (ECAR) ratio. Similar to ET-1-treated PASMCs, PAH--PASMCs had decreased basal and maximal respiration resulting in reduced SRC. Both maximal OCR and SRC were restored to levels comparable with control cells when pre-incubated with macitentan for 48 h. Fig. 5.Endothelin-1 influences the Warburg effect in PASMCs isolated from patients with PAH and controls. Seahorse XF24 analyzer experiments showed that endothelin-1 treatment in control PASMCs reduced mitochondrial respiration, whereas it was partly restored in PAH-PASMCs after dual ET~A~/ET~B~ receptor antagonist (macitentan). (a) Basal mitochondrial respiration was significantly decreased after endothelin-1 (10^--7 ^M) treatment in control PASMCs, as evaluated by the relative OCR. (b, c) Both the maximal respiratory capacity and the SRC were significantly and dose-dependently decreased after endothelin-1 treatment in control PASMCs. In PAH-PASMCs, an increase in maximal respiratory capacity and SRC was observed when compared to vehicle-treated cells, which was partially reversed by macitentan. (d) The decrease in OCR/ECAR ratio after endothelin-1 treatment in control PASMCs cells suggested a glycolic switch. All experiments were performed in triplicate (n = 3 cell lines/treatment, passage 4--6). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001.

Macitentan increases perfusion and microvessels density in the lungs, RV, and skeletal muscles of Sugen/hypoxia PAH rats {#sec9-2045893217741429}
------------------------------------------------------------------------------------------------------------------------

PH was associated with a dramatic decrease in perfusion as assessed by lung CT angiogram and lectin perfusion ([Fig. 6a](#fig6-2045893217741429){ref-type="fig"}, [b](#fig6-2045893217741429){ref-type="fig"}). PH was also associated with decreased lung microvascular density assessed by CD31 immunostaining ([Fig. 6c](#fig6-2045893217741429){ref-type="fig"}). As previously documented in patients with PAH and monocrotaline rats,^[@bibr12-2045893217741429],[@bibr32-2045893217741429]^ Sugen/hypoxia-induced PAH was also associated with a significant decrease in RV and skeletal muscle perfusion and microvascular density ([Figs. 7](#fig7-2045893217741429){ref-type="fig"} and [8](#fig8-2045893217741429){ref-type="fig"}). Dual ET~A~/ET~B~ receptor blockade significantly improved lung, RV, and skeletal muscle perfusion ([Figs. 6](#fig6-2045893217741429){ref-type="fig"}([](#fig7-2045893217741429){ref-type="fig"}--[8](#fig8-2045893217741429){ref-type="fig"}). CD31 immunostaining also confirmed that macitentan increased the detection of vessels within the lungs, the RV, and the quadriceps, suggesting that dual ET~A~/ET~B~ receptor blockade could enhance vessel formation. Fig. 6.Dual ET~A~/ET~B~ receptor blockade improves lung perfusion in Sugen/hypoxia rat model of PAH. (a) CT angiogram with image reconstruction of the lung after microfil perfusion. Vascularization was quantified in silico using Microview software in normoxic rats, 5 weeks after sugen injection, as well as 5 weeks after sugen injection + 2 weeks of treatment with vehicle and macitentan (n = 6/group). (b) Lectin perfusion (in green) and DAPI (in blue) were also used to visualize lung vascularization in lungs of normoxia (n = 4), PAH 5 weeks (n = 4), PAH 5 weeks +vehicle 2 weeks (n = 10), and PAH 5 weeks + maci (macitentan) 2 weeks (n = 10). The number of lectin-positive vessels was manually calculated in ten different fields per specimen. (c) CD31 immunostaining (in red; arrow) and DAPI (in blue) were used to assess lung microcirculation density of normoxia, PAH 5 weeks, PAH weeks + vehicle 2 weeks, and PAH 5 weeks + maci (macitentan) 2 weeks (n = 4--5/group). The number of CD31 positive vessels was manually calculated in ten different fields per specimen. \**P* \< 0.05; \*\*\*\**P* \< 0.0001. Scale bars: 20 µm in (b); 50 µm in (c). Fig. 7.Dual ET~A~/ET~B~ receptor blockade improves heart and RV perfusion in Sugen/hypoxia rat model of PAH. (a) CT image reconstruction of the heart after microfil perfusion. Vascularization was quantified in silico using Microview software in normoxic rats, 5 weeks after Sugen injection, as well as 5 weeks after Sugen injection + 2 weeks of treatment with vehicle and macitentan (n = 5--6/group). (b) Lectin perfusion (in green) and DAPI (in blue) were also used to evaluate vascularization in the RV of normoxia (n = 5), PAH 5 weeks (n = 4), PAH weeks + vehicle 2 weeks (n = 9), and PAH 5 weeks + maci (macitentan) 2 weeks (n = 10). (c) CD31 immunostaining (in red) and DAPI (in blue) were used to assess the RV microcirculation density of normoxia, PAH 5 weeks, PAH weeks + vehicle 2 weeks, and PAH 5 weeks + maci (macitentan) 2 weeks (n = 4--5/group). For the lectin and CD31 analyses, ImageJ software automatically quantified signal intensity as the percentage of positive pixels in five fields per specimen. \**P* \< 0.05. Scale bars: 20 µm. Fig. 8.Dual ET~A~/ET~B~ receptor blockade improves quadriceps perfusion in Sugen/hypoxia rat model of PAH. (a) CT reconstruction of the quadriceps after microfil perfusion in normoxic rats, 5 weeks after Sugen injection, as well as 5 weeks after Sugen injection + 2 weeks of treatment with vehicle and macitentan (n = 5--7/group). (b) Lectin perfusion (in green) and DAPI (in blue) were used to evaluate vascularization in quadriceps of normoxia (n = 4), PAH 5 weeks (n = 4), PAH weeks + vehicle 2 weeks (n = 10), and PAH 5 weeks + maci (macitentan) 2 weeks (n = 9). (c) Finally, CD31 immunostaining (in red) and DAPI (in blue) were used to assess microcirculation density in quadriceps (n = 4--5/group). The number of CD31 or lectin-positive cells under the total number of cells was manually calculated in ten different fields per specimen. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001. Scale bars: 20 µm in (b); 50 µm in (c).

Macitentan treatment promotes PAH--PAECs angiogenic capacity {#sec10-2045893217741429}
------------------------------------------------------------

As no significant changes in proliferation/apoptosis rates ([Fig. 9](#fig9-2045893217741429){ref-type="fig"}) and metabolism ([Fig. 10](#fig10-2045893217741429){ref-type="fig"}) of PAH--PAEC were observed after ET~A~/ET~B~ receptor blockade, we thus hypothesized that ET-1 could influence the angiogenic potential of PAEC through changes in PAECs' migration and tube formation capacity. We showed that PAH--PAECs had significantly lower angiogenic potential as confirmed by a significant decrease in effective nodes and an increased isolated segment compared to control PAEC on matrigel assay ([Fig. 11](#fig11-2045893217741429){ref-type="fig"}). Conversely, macitentan partially restored their angiogenic potential, whereas ET~B~ receptor blockade increased node formation. Fig. 9.Dual or selective blockade of endothelin receptors does not influence proliferation and apoptosis of isolated PAECs isolated from patients with PAH. Neither dual ET~A~/ET~B~ (macitentan) nor ET~A~- (BQ123) or ET~B~ (BQ788)-selective receptor antagonists affected proliferation or apoptosis of PAH--PAECs as evaluated by ki67 (in red) immunostaining and annexin V (in green) assay. Two independent sets of experiments were performed in each cell lines. In each experiment, a minimum of 150 cells were evaluated (n = 3 cell lines/treatment, passage 2--5). Fig. 10.Endothelin-1 does not affect the metabolic status of PAECs isolated from distal pulmonary arteries. Endothelin-1 and macitentan did not influence the mitochondrial respiration of control and PAH--PAECs, respectively. The basal and maximal OCR, as well as the SRC and OCR/ECAR ratio were unchanged after endothelin-1 modulation as evaluated by Seahorse XF24 analyzer. All experiments were performed in triplicate (n = 3 cell lines/treatment, passage 2--5).

Discussion {#sec11-2045893217741429}
==========

Our investigation of the role of ET receptor antagonism on angiogenesis in PAH led us to the following key observations: (1) dual ET~A~/ET~B~ receptor blockade with macitentan improved RV systolic and PA pressures of Sugen/hypoxia-induced PH through decreases in distal PA remodeling and increases in perfusion and microvessel density within the lungs; (2) in vitro, ET-1 is involved in PAH-PASMCs metabolism changes and dual ET~A~/ET~B~ antagonism decreased proliferation and partially reversed the Warburg effect of human PAH-PASMC; (3) dual ET~A~/ET~B~ receptor blockade also improved perfusion and microvessel density within the RV and quadriceps in Sugen/hypoxia-induced PH; and 4) in vitro, dual ET~A~/ET~B~ receptor antagonism increased the angiogenetic capacity of human PAH--PAEC.

Over the past decade, PAH-specific therapies were shown to improve overall quality of life^[@bibr33-2045893217741429]^ and delay clinical worsening.^[@bibr18-2045893217741429]^ Macitentan was the first dual ET~A~/ET~B~ receptor antagonist associated with reduced morbidity events in a long-term randomized clinical trial.^[@bibr19-2045893217741429]^ Although its mode of action was expected to mainly rely on vasodilatation, its anti-remodeling and pro-angiogeneic remained elusive. Importantly, the hyperproliferation and anti-apoptotic phenotype of PAH--PASMC is recognized as a major component of distal PA remodeling in both human and experimental PAH.^[@bibr4-2045893217741429]^ Similarly, improving vessels formation and repair by restoring PAEC angiogenic functions are currently being explored clinically in PAH.^[@bibr34-2045893217741429]^

In the present study, dual ET~A~/ET~B~ receptor blockade significantly improved pulmonary hemodynamics and vascular remodeling in the Sugen/hypoxia rat model, as previously described in other experimental models.^[@bibr35-2045893217741429]^ In vitro, macitentan reversed the glycolytic metabolic switch of PAH--PASMC and decreased PAH--PASMC proliferation. This observation is consistent with the metabolic theory of PAH,^[@bibr3-2045893217741429]^ and could thus explain in part reversal of PA remodeling, as previously described.^[@bibr36-2045893217741429],[@bibr37-2045893217741429]^ Although not previously described, the impact of dual ET~A~/ET~B~ receptor blockade on PAH--PASMC metabolism is not surprising since ET-1 was shown to modulate the expression of numerous transcription factors at the origin of the Warburg effect and the reprogramming of metabolism within PASMC mitochondria, including STAT3^29^ and survivin.^[@bibr38-2045893217741429]^

In addition to this "cancer-like" phenotype of PAH--PASMC,^[@bibr39-2045893217741429],[@bibr40-2045893217741429]^ the exact role of dysregulated angiogenesis in the pathogenesis of PAH has been largely debated over the last decades.^[@bibr41-2045893217741429]^ Early studies suggested that the enhanced PAEC and myofibroblast proliferation contributed to the obliterative arteriolar and multi-channeled "plexiform" lesions observed in PAH.^[@bibr5-2045893217741429]^ This was supported by the observations showing that VEGF plasma levels are elevated,^[@bibr24-2045893217741429],[@bibr42-2045893217741429][@bibr43-2045893217741429]--[@bibr44-2045893217741429]^ whereas both VEGF and VEGF receptor 2 are markedly expressed in the complex vascular lesions of patients with severe PAH.^[@bibr4-2045893217741429],[@bibr5-2045893217741429],[@bibr45-2045893217741429],[@bibr46-2045893217741429]^ Paradoxically, Sugen, a VEGFR1 and VEGFR2 inhibitor, induces lung endothelial cell apoptosis, loss of small lung vessels, and severe angio-obliterative PAH when combined with chronic hypoxia.^[@bibr6-2045893217741429]^ Similarly, experimental overexpression of VEGF blunts the development of hypoxia-induced PH^47^ and improves PH in a rat model of pulmonary fibrosis, whereas VEGF blockade worsens it.^[@bibr48-2045893217741429]^ These preclinical observations are supported by the recent validation of blood levels of anti-angiogenic modulatory proteins as biomarkers for PAH.^[@bibr15-2045893217741429],[@bibr49-2045893217741429]^

While most studies have focused on the effects of ET-1 on vascular smooth muscle cells, recent in vitro studies have demonstrated that ET-1 increases tumor vascularity in lung cancer^[@bibr50-2045893217741429]^ and has pro-angiogenic effects in isolated human umbilical vein endothelial cells^[@bibr51-2045893217741429]^ through ET~A~ and ET~B~ receptors activation. In striking contrast, angiogenesis and lung vascular density is decreased in experimental PH of the newborn,^[@bibr52-2045893217741429]^ and increased ET-1 production impairs PAEC angiogenic capacity in vitro, which is restored by dual ET~A~/ET~B~ receptor blockade.^[@bibr20-2045893217741429]^ It is noteworthy that the discrepant effects of ET-1 on tumor vs. PH angiogenesis may be related to differences in cell type, developmental timing, or perhaps differential receptor activation. As previously described, we observed marked reduction in perfusion and capillary density in pulmonary hypertensive lungs in our experimental model, which was partly reversed by macitentan. While a glycolytic phenotype of PAH--PAEC has also been described,^[@bibr53-2045893217741429]^ we did not observe changes in PAEC proliferation or metabolism with macientan in our in vitro experimental model. This could suggest that changes in capillary density in PAH lungs were not mediated through changes in endothelial mitotic state by macitentan, although we cannot exclude that this observation can reflect differences between species used in vivo and in vitro. Conversely, dual ET~A~/ET~B~ and selective ET~B~ receptor antagonism increased tube formation on matrigel assay. Consistently with our results, previous studies reported that ET-1 had no effect on PAEC growth, but significantly decreased tube formation in normal PAECs and PAECs isolated from pulmonary hypertensive distal PA,^[@bibr20-2045893217741429]^ whereas their angiogenic capacity was restored following treatment with ET-1 SiRNA or a dual ET~A~/ET~B~ receptor antagonist, but not an ET~A~ receptor antagonist. These results suggest that the effects of ET-1 on pulmonary angiogenesis are ET~B~-mediated. This is not surprising since ET~A~ receptors are normally not expressed on PAECs.^[@bibr54-2045893217741429],[@bibr55-2045893217741429]^

Interestingly, we, as others, have shown that significant microcirculation loss was also observed within the quadriceps and RV of human and experimental PAH.^[@bibr11-2045893217741429],[@bibr12-2045893217741429]^ These angiogenic defects contributed to reduced skeletal muscle oxygenation,^[@bibr56-2045893217741429]^ exercise intolerance,^[@bibr12-2045893217741429]^ and RV failure.^[@bibr11-2045893217741429]^ The similarities in microcirculation loss within these organs raised questions on whether the pulmonary and systemic vascular defects could be connected by similar molecular mechanisms.^[@bibr12-2045893217741429],[@bibr14-2045893217741429]^ Given the tight coupling between angiogenesis and metabolism,^[@bibr13-2045893217741429]^ the metabolic dysregulation observed within the distal PA, RV,^[@bibr9-2045893217741429]^ and skeletal muscles^[@bibr10-2045893217741429]^ in PAH has been hypothesized to contribute to this capillary rarefaction in PAH.^[@bibr9-2045893217741429]^ Interestingly, macitentan was recently associated with metabolic changes in the RV of Sugen-induced PAH.^[@bibr57-2045893217741429]^ Consistent with this hypothesis, dual ET~A~/ET~B~ receptor blockade also impacted on capillary density and perfusion within the RV and skeletal muscles in our PH model. However, part of the increases in perfusion (i.e. CT angiogram) may reflect improved pulmonary hemodynamics parameters as well as systemic vasodilation rather than enhanced angiogenesis per se, since increases in ET-1 levels influence peripheral endothelium-dependent flow-mediated vascular tone.^[@bibr58-2045893217741429][@bibr59-2045893217741429]--[@bibr60-2045893217741429]^ Notwithstanding this possibility, increases in microcirculation density (lectin and CD31 staining) suggested that dual ET~A~/ET~B~ receptor blockade partially reversed the microvessels loss and enhanced microcirculation integrity in our PAH model. This was also supported by in vitro studies that confirmed that both dual ET~A~/ET~B~ and ET~B~ receptor blockade restored the angiogenic capacity of human PAEC. Taken together, these observations suggest that clinical improvements observed with dual ET~A~/ET~B~ receptor antagonists might be related to their multifaceted effects in human PAH, including modulation of the vasomotor tone, PASMC metabolism, and proliferation, as well as pulmonary and systemic perfusion and angiogenesis.

Our study has several limitations. Although cell lines were characterized morphologically and by specific immununolabeling ([Fig. 12](#fig12-2045893217741429){ref-type="fig"}), technical isolation differences between the purchased controls and isolated PAH cell lines may have influenced our results. Moreover, the Sugen/hypoxia rat model was used for this study since it recapitulates many key features of PAH.^[@bibr1-2045893217741429][@bibr2-2045893217741429][@bibr3-2045893217741429]--[@bibr4-2045893217741429]^ Thus, whether our findings are representative of pulmonary and systemic vessel loss in other experimental models and in human PAH remains to be confirmed. Fig. 11.Dual ET~A~/ET~B~ and selective ET~B~ receptor antagonism increases the angiogenic potential of PAECs isolated from the distal pulmonary artery of patients with PAH. Treatments with dual ET~A~/ET~B~ receptor antagonist (macitentan, 10^--6 ^M) or selective ET~B~ receptor antagonist (BQ788, 10^--6 ^M) improved the angiogenic capacity of PAH--PAECs as evaluated by Matrigel assays. Macitentan treatment significantly reduced the number of isolated segments while it improved the number of nodes formation, which reflects an increased capacity of PAH--PAECs to do tube formation. ET~B~ receptor antagonism also significantly increased the number of nodes formation in PAH--PAECs when compared to vehicle-treated cells. Four pictures/well were taken and automatic quantification of tubing formation was performed with the Image J Angiogenesis Analyzer (n = 3 cell lines/treatment, passage 2--5). \**P* \< 0.05; \*\**P* \< 0.01 (n = 3). Scale bars: 500 µm in upper panel; 100 µm in lower panel. Fig. 12.Confirmation of the PASMC and PAEC phenotypes using α-smooth muscle actin (SMA) and CD31 staining. (a, b) α-smooth muscle actin (SMA) immunofluorescence in control and PAH--PASMC (passage 4--6). (c, d) CD31 immunofluorescence in control and PAH--PAEC (passage 2--5).

In conclusion, we identified two novel modes of action by which dual ET~A~/ET~B~ receptor blockade could impact on PAH pathophysiology. It reversed the metabolic changes involved in PASMC proliferation and it improved the angiogenic capacity of diseased endothelial cells. Thus, in addition to improved pulmonary hemodynamics, dual ET~A~/ET~B~ receptor blockade resulted in improvements in perfusion and angiogenesis within the lungs, RV, and skeletal muscles in the Sugen/hypoxia-induced PAH rat model, suggesting that clinical improvements observed with dual ET~A~/ET~B~ receptor antagonists might be multifaceted. It is noteworthy, however, that even though ET receptor antagonists were associated with vascular repair and endothelial regeneration within the pulmonary, RV, and skeletal muscle vasculatures, these effects are clearly insufficient to fully offset the PAH-related angiogenic defects. Therefore, novel therapeutic strategies are urgently required, in addition to the current ones, to address the underlying structural and functional abnormalities driving the relentless progression of this disease.
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